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Optimal Design of a Highly Self-Adaptive Gripper
with Multi-Phalange Compliant Fingers for Grasping
Irregularly Shaped Objects

Chih-Hsing Liu

Abstract—The development of a robotic gripper for handling
objects of various sizes, shapes, weights, and degrees of hardness is
a challenging problem in the field of robotics. In order to design a
highly self-adaptive gripper capable of conforming to a wide range
of objects, this article presents an innovative topology-optimized
design of a compliant finger consisting of several multi-material
phalanges connected by flexure hinges. The prototype was pro-
duced by means of a metamaterial approach, which utilizes 3D-
printed infill structures (periodic cells) with different infill densities
to represent regions with different equivalent mechanical proper-
ties. Adaptability tests were conducted to demonstrate the effec-
tiveness of the proposed design in grasping circular, rectangular,
trapezoidal, and concave objects. The results were compared with
those of the fingers with single infill densities and a commercially
available Festo MultiChoiceGripper, which features a Fin Ray
structure. The total contact length between the fingers and the
grasped object was used as a measure of the grippers’ adaptability.
The test results demonstrate that this novel self-adaptive gripper
is comparatively highly adaptable for grasping irregularly shaped
objects and is able to carry a maximum payload of 6.76 kg.

Index Terms—Adaptive gripper, compliant finger, compliant
gripper, multi-material, soft robot, topology optimization.

I. INTRODUCTION

HE development of robotic grippers for the purpose of han-

dling irregularly shaped objects has drawn considerable
attention in recent years [1], [2], [3], [4], [5], [6], [7]. A robotic
gripper is typically the only interface between a robot and its
working environment. Therefore, the overall performance of the
robot largely depends on the design of its gripper [8]. A dexterous
robotic gripper typically has multiple degrees of freedom and
requires multiple actuators to execute planned movements. As
the number of actuators increases, so do certain aspects of the
design, such as the control complexity, the overall size, and
the cost. Designing underactuated mechanisms [9] is crucial for
minimizing the use of actuators. In order to achieve this goal,
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passive elastic elements are currently being used [10], such as
preloaded springs [9] and flexure hinges [11], [12], [13], [14].

The latest advances in soft robotics, materials science, and
stretchable electronics have led to rapid progress in the develop-
ment of soft grippers [ 1]. Compared with rigid robots, soft robots
have many advantages, including safer human-robot interactions
and adaptive behaviors suitable for handling unknown objects
in complex environments [15]. Soft grippers have been used
in wide range of applications, from underwater grasping [16],
[17] to food handling [7], [18], [19] to poultry processing [20],
[21]. Designing a universal gripper capable of grasping various
objects is a challenging problem in the field of robotics [5],
especially when properties of the objects such as size, shape,
weight, and degree of hardness vary. In addition, appropriate
damping and friction models [21], [22], [23] may be required to
analyze the dynamic responses of flexible systems.

In order to develop a gripper that can adapt to such a variety
of objects, bioinspired concepts [24], [25], [26] and optimiza-
tion algorithms [27], [28], [29], [30], [31], [32], [33], [34] are
currently being explored. For example, grippers with a Fin
Ray structure [25], [26] are nature-inspired designs intended to
conform to a wide range of objects while grasping. Compliant
grippers that are synthesized using topology optimization algo-
rithms while taking into consideration the presence of multiple
output ports [3], [4], [32] have been developed to be suitable for
grasping unknown objects.

Topology optimization is a numerical method that can be used
to optimize the material distribution in a given design domain,
and it has been used to synthesize various compliant fingers
and grippers [3], [4], [27], [28], [29], [30], [31], [32], [33],
[34]. For example, Chen et al. [29] developed a cable-driven,
three-fingered soft robotic gripper with compliant fingers which
were synthesized by applying a level-set topology optimization
algorithm. Their experimental results showed that their 3D-
printed design, made of a thermoplastic elastomer (TPE), was
able to grip objects that weighed up to 1 kg. In another study,
Zhang et al. [31] designed a three-fingered, multi-material soft
pneumatic gripper using a density-based topology optimization
algorithm. Its fingers were made of silicone rubber and TPE and
had the ability to grip objects that weighed up to 168 g at a supply
pressure of 70 kPa.

The use of soft materials generally reduces the maximum
load capacity of a gripper. In order to increase the maximum
payload, several motor-driven, two-fingered, topologically op-
timized compliant grippers [3], [32], [34] have been developed.
These grippers were synthesized under a single design domain,
taking into account different objective functions and boundary
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conditions. These designs were made of either TPE [3], [34]
or silicone rubber [32], and their maximum payloads ranged
between 2 and 3 kg. In addition, multi-material designs [31],
[34] have been developed in order to increase the adaptability of
the grippers and achieve better performance. In our previous
study [34], we developed a multi-material design produced
by means of a metamaterial approach [35], [36], which uses
3D-printed infill structures with different infill densities (or
infill percentages) to represent regions with different equivalent
mechanical properties. The results demonstrated that, compared
with a single-material compliant finger with the same volume
and weight, the bi-material compliant finger was a better de-
sign for reducing the driving force and increasing the output
displacement.

Motivated by the need to design a self-adaptive gripper that
can automatically conform to irregularly shaped objects, this
article presents an innovative design for a compliant finger
consisting of multiple topologically optimized multi-material
phalanges connected by flexure hinges. A new three-material
model and corresponding element sensitivities for topology
optimization are introduced in this study. The fingers are 3D-
printed using TPE, with varying infill densities across different
regions of each finger. A prototype of a two-fingered gripper is
developed, as the two-fingered configuration is widely used in
the industry. Finally, the results of adaptability and payload tests
are compared with those obtained from grippers 3D-printed with
single infill densities, as well as with a commercially used Festo
MultiChoiceGripper [37] that features a Fin Ray structure.

II. MULTI-PHALANGE COMPLIANT FINGER

Unlike previous studies [3], [4], [32], [34] that synthesized
compliant fingers under the condition of a single design domain,
this study divided the compliant finger into multiple phalanges
connected by flexure hinges. The schematic drawing of the
proposed two-fingered compliant gripper is shown in Fig. 1, with
Fig. 1(a) and (b) demonstrating the mechanism in its initial state
and while grasping, respectively. Two identical multi-phalange
compliant fingers were installed on the driving module of the
gripper, with a distance of 60 mm between them in the initial
state. The driving module consisted of a main structure with two
fixed stages connected by two structural rods and a linear stage.
It was driven by a stepper motor connected to a timing belt pulley
and a threaded rod. The input port of each finger was installed
on the linear stage, whereas the fixed port was installed on the
lower fixed stage. As illustrated in Fig. 1(b), when the linear stage
was moved toward the lower fixed stage, both multi-phalange
compliant fingers bent inward elastically in order to grip an
object. As shown in Fig. 1(c), the compliant finger structure
was divided into five design domains with one drive link and the
remaining four domains corresponding to finger phalanges. Each
design domain was optimized independently using a topology
optimization method.

The drive link is a compliant mechanism with the function of
pushing the finger phalanges. A displacement input was applied
at the lower right corner of the drive link (the input port shown
in Fig. 1(c)) through the motor-driven linear stage, while the
lower left corner of the drive link (the fixed port) was fixed.
In addition, based on existing designs that incorporate flexure
hinges in the design of compliant mechanisms [11], [12], flexure
hinges were used to connect adjacent finger phalanges in this
study. A multi-material topology optimization method was used
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Fig. 1. Schematic drawing of the two-fingered gripper with multi-phalange
compliant fingers. (a) The two-fingered gripper in its initial state. (b) A single
finger grasping. (c) The design domains of the multi-phalange finger.

to identify the optimal material distribution within each design
domain through an iterative procedure.

The loading conditions for each design domain were pre-
sented in Fig. 2, where the dark regions of the four phalanges rep-
resented the gripping surface of the finger which must be filled
with material; f;,, was a dummy input force; f,,,,; was a dummy
output force; and k represented the stiffness of the numerical
spring placed at the input and output ports. In Fig. 2(a), the
input force in the design domain of the drive link corresponded
to the input from the linear stage at the input port (Port 1), while
the fixed port was mounted on the lower fixed stage, as shown
in Fig. 1. The target output port (Port 2) of the drive link was
located at the upper left corner of the design domain. It provided
an input to finger phalange 1, as illustrated in Fig. 2(b). Finger
phalange 1 had two target output ports (Ports 3 and 4). Port 3
was the expected contact location with the object, whereas Port 4
was the location where the output force of finger phalange 1 was
transferred to finger phalange 2 as an input force. The loading
conditions for phalanges 2 and 3, which were shown in Figs. 2(c)
and (d), respectively, were similar to the loading conditions for
finger phalange 1. The output force at Port 8 of finger phalange 3
was transferred to finger phalange 4 as an input force, as shown
in Fig. 2(e), with the target output port (Port 9) located at the
lower left corner of the design domain, which corresponded to
the fingertip of the compliant finger.

III. MULTI-MATERIAL TOPOLOGY OPTIMIZATION METHOD

A multi-material topology optimization method that can solve
three-material problems is proposed with the aim of synthesizing
the optimal material distribution of the multi-phalange finger
shown in Fig. 2. The elastic modulus of an element for a single-
material topology optimization problem [38] can be formulated



7028

(d)
fout

3
N

(a)

_ £
fin = fout

@_ ()
in — Jout2

7

k out2

Y y
L. L,

(b) (©
Port 8 O = Q) 3
2_\,{,(\,\_ fiit Kk Y
oul
%

(d) (©

Fig. 2. Loading conditions for each design domain of the multi-phalange
compliant finger. (a) Drive link. (b) Phalange 1. (c) Phalange 2. (d) Phalange 3.
(e) Phalange 4.

as

Ei - Emin + ﬁqp(Eo - Emin) (1)

where E; is the elastic modulus of the i™ element; E,,;, is the
elastic modulus of a void element that has a small positive value
close to zero; p; is the projected density of the i element after
projection [39]; p is the penalty parameter; and E, is the elastic
modulus of the original material.

For a two-material problem [34], the elastic modulus can be
formulated as

E; = Enin + ﬁzljz‘ [ﬁgi(El - Emin) + (1 - ﬁgi)(E2 - Emin()z])
where E; and E5 are the elastic moduli of materials 1 and 2,
respectively; and py; and po; are the first and second projected
densities of the i element, respectively.

Based on (2), the elastic modulus for a three-material problem

can be formulated as
E; = (1 - ﬁi‘)Emin + ﬁllji(l - ﬁgi)EB + ﬁlfiﬁgi(l - ﬁgi)E2
3

where Ej is the elastic modulus of material 3; and pg3; is the third
projected density of the i" element. The three density variables,
P1is P2i, and ps;, determine the material type of the i element.
The relationships among the density variables and the material
types are summarized in Table I. For example, if the three density
variables of the i element are all equal to 1, the resulting elastic
modulus is E;, according to (3).

+ ﬁzl)iﬁgiﬁgiEl; Ey > E> > E3
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TABLE I
RELATIONSHIPS AMONG THE DENSITY VARIABLES AND MATERIAL TYPES

P Pi Psi E;
1 1 1 E,
1 1 0 E;
1 any E;
0 any any Epin

The projected density variables shown in (3) can be calculated
using the following projection scheme [39]:

__ tanh (8n) + tanh (5 (p; — 7))
" tanh (Bn) + tanh (3 (1 — 7))

where [ is the projection parameter; 7 is the threshold value; and
p; is the filtered density of the i element that can be obtained
using the following density filter [38]:
>, wijvip;
- jEN,

pi =
> wijvj
jEN,

“)

®)

JWijg =T = Tij

where N, is the neighborhood set of elements lying within the
filtering radius r of the i™ element; w;; is the weighting factor;
v; is the volume of the element j; p; is the density of element j
that can be varied from O to 1 in small increments; and r; is the
distance between the neighboring element j and the iy}, element.

For a single element, the sensitivity of the mutual potential
energy with respect to the projected density is [34]

OMPE ok;
“on ~ Wigp, ©

where MPE stands for the mutual potential energy; u;,; and us;
are the nodal displacement vectors of the iy, element correspond-
ing to the input and output force vectors, respectively; and k; is
the stiffness matrix of the iy}, element.

The stiffness matrix of an element is linearly proportional to
the elastic modulus of the i}, element:

k; = E;ko )

where K is the stiffness matrix of the element with an elastic
modulus of 1; and E; is defined in (1), (2), and (3) based on
whether a one-material, two-material, or three-material condi-
tion is being used, respectively.

The sensitivity of the mutual potential energy with respect
to the element density can be written as the following equation
based on (4), (5), (6) and (7):

OMPE OMPE 0p; 0p;
ai = = 55
Ipi i dp;  Opj Op;
OFE; 0p; 0p;
= Z *?uﬂkoumae{% (8)
JEN,.; Pi Pj Op;i

In this study, the three-material model is used. Substituting
(3) into (8) yields the element sensitivities for the three-material
condition, where the derivatives of the elastic modulus with
respect to the first, second, and third projected densities of the
iin element are

OF;
Op1i

= pp; [~ Emin + (1 — pb,) B3 + plh; (1 — p5,) Ea

+ ol ©)
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OB, ) )

S5y~ PALPE (Bt (1= ) Eatph B (10)

OE, .,

Do PPYiP2iPs; Y(—Ey+E) (11)
P3i

The numerical calculations are performed in the Matlab envi-
ronment. After the element sensitivities have been obtained, the
design variables are updated based on the values of sensitivities
using the method of moving asymptotes (MMA) [40], which
converts the MPE maximization problem into a negative MPE
minimization problem in practice until convergence has been
achieved under a volume fraction constraint (i.e., the ratio of the
target volume of the compliant mechanism to the total volume
of the design domain). In addition, a robust formulation based
on eroded, intermediate, and dilated projections [41] is used in
order to obtain an optimal design that takes into consideration
the manufacturing tolerance.

IV. TOPOLOGY OPTIMIZATION DESIGN

The multi-material topology optimization method discussed
in Section II1 is used to identify the optimal material distribution
of the multi-phalange finger. The optimization problem for
synthesizing the drive link and phalange 4, as shown in Fig. 2,
is intended to maximize the mutual potential energy, which can
be formulated as follows:

MPE = UIKU, (12)

where K is the global stiffness matrix of the design domain,
which can be formed by assembling element matrices by means
of the finite element method; U; is the global displacement
vector corresponding to the global input force vector F; when
only the input force f;,, acts on the input port; and U, is the
global displacement vector corresponding to the output force
vector Fo when only the output force f,,; acts on the output
port. The displacement vectors in (12) can be obtained based on
the following equations:

KU1 = Fl;KUQ = F2 (13)

Maximizing the mutual potential energy resulting from two
different sets of loading enables a design to maximize its nodal
displacement at the output port while applying the input force at
the input port. In addition, greater output displacement allows
the finger to have a better chance of conforming to the target
object. To synthesize compliant mechanisms with two output
ports, such as phalanges 1, 2, and 3, the objective function of
the optimization problem aims to maximize the overall mutual
potential energy. By adding up the mutual potential energy for
each output load (f,4+; and f,.t2) yields the overall mutual
potential energy:

MPEqym = MPE, + MPFE, (14)

The three-material topology optimization method was used
to synthesize the optimal material distribution of each design
domain shown in Fig. 2. The iterative results for the values of
objective functions and the material layouts derived during some
iterations are presented in Fig. 3, with (a)—(e) corresponding to
the topology optimization results for the drive link and phalanges
1, 2, 3, and 4, respectively. The three colors represent the three
materials for which the value of the elastic modulus differs. Due
to the use of the projection method [39], the objective function
value showed a noticeable decrease approximately every 50
iterations until convergence. The optimized results for each
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Fig. 3. Iterative results for the objective function values and the material

distributions. (a) Drive link. (b) Phalange 1. (c) Phalange 2. (d) Phalange 3.
(e) Phalange 4.

design domain are presented in Fig. 4(a), and the numerical
parameters used in the topology optimization are summarized
in Table II.

From Fig. 4(a), it can be seen that material £, was mainly
present in the interface between material £; and material Eg
and appeared slightly at the boundary of the drive link. Since the
proportion of material £ was quite low after optimization, it was
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Fig.4. Multi-material topology optimization of the multi-phalange compliant
finger. (a) Topology optimization results. (b) Design model of the finger.

TABLE II

NUMERICAL PARAMETERS USED IN THE TOPOLOGY OPTIMIZATION
Parameter Value
Element size: drive link I mm
Element size: finger phalanges 1 and 2 0.25 mm
Element size: finger phalanges 3 and 4 0.125 mm
Elastic modulus: 100% infill (E/) 34.95 MPa [42]
Elastic modulus: 80% infill (£5) 26.39 MPa [42]
Elastic modulus: 40% infill (£5) 14.46 MPa [42]
Elastic modulus: void element (E,,,) 10°MPa
Poisson’s ratio 0.45
Volume fraction: finger segments 0.22
Volume fraction: drive link 0.25

Filtering radius (r) 5 x element size

Penalty parameter (p) 3
Projection parameter (f3) 1~512
Threshold values (77) 0.3,05,07
Dummy input and output forces IN

Spring stiffness (k) 1 N/mm

neither necessary nor practical to build a prototype that included
material E». The design model of the compliant finger structure,
which is presented in Fig. 4(b), was based on the topology
optimization results shown in Fig. 4(a), and thus incorporated
only materials E; and Eg (since the proportion of material E»
was quite low after optimization). The four phalanges were
connected by the flexure hinges, and mounting holes were added
at the input and fixed ports of the finger (see Fig. 1(b)).

V. FINGER PROTOTYPES AND EXPERIMENTAL RESULTS

A prototype of the design for the multi-material compliant
finger shown in Fig. 4(b) was produced by means of 3D printing
using the commercial TPE filament, Filastic™, manufactured
by BotFeeder. As summarized in Table II, the infill densities
of 100% and 40% corresponded to materials with equivalent
elastic moduli of 34.95 MPa and 14.46 MPa, respectively [42]. A
Raise3D printer was used to produce prototypes with a uniform
thickness of 20 mm and a rectilinear infill pattern. Fig. 5(a)
shows the prototype of the multi-infill density finger, which
weighs 36.73 g. For the purpose of comparison, prototypes of
the multi-material design shown in Fig. 4(b) were also produced
using single infill densities of 100%, 90%, and 40%, respec-
tively. The infill densities of 100% and 90% were chosen because
the weight of the multi-infill density finger fell between that
of the prototypes with single 100% and 90% infill densities,
which weighed 38.39 g and 35.62 g, respectively. The weight
of the 40% finger was 20.82 g. Fig. 5(b) and (c) show the
compliant fingers printed with an infill density of 100% and
40%, respectively. The appearance of the finger printed with a
90% infill density is nearly identical to that of the finger printed

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 8, NO. 11, NOVEMBER 2023

100% infill
density

100% infill
density

40% infill
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40% infill
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Fig. 5. 3D-printed prototypes. (a) Multi-infill density finger: the multi-
material design in Fig. 4(b) achieved by varying the infill densities (40% and
100%). (b) The compliant finger printed with an infill density of 100%. (c) The
compliant finger printed with an infill density of 40%.

TABLE III
MANUFACTURING PARAMETERS FOR THE 3D-PRINTED COMPLIANT FINGERS

Parameter Value
Filament Filastic™ TPE
Extrusion width 0.4 mm
Layer height 0.2 mm

Perimeter shell 1

Printing speed 60 mm/s
Extruder temperature 225°C
Heated bed temperature 50°C
Infill pattern Rectilinear

with a 100% infill density. The manufacturing parameters for
these fingers are summarized in Table III.

The experimental setup for measuring the relationships be-
tween the input displacement and the input force, as well as
the input displacement and the output displacement (at the
fingertip), is shown in Fig. 6(a). The input displacement was
determined by the linear motion of the linear stage, and a force
gauge was used to measure the input force required to achieve a
given input displacement. Fig. 6(a) and (c) show the deformed
contours of the finger from both the experimental procedure and
the finite element analysis (FEA) perspectives, corresponding to
input displacement values of 10 mm and 20 mm, respectively.
The FEA model shown in Fig. 6 was developed using the com-
mercially available FEA software LS-DYNA. The experimental
and numerical results show good agreement.

Fig. 7(a) shows the curves representing the relationship be-
tween the input displacement and the output displacement for
the multi-infill density finger, as well as the fingers printed
with single infill densities of 100%, 90%, and 40%. During
the experiment, the input displacement was measured at the
input port of the finger, while the output displacement was
measured at the fingertip. A positive input displacement referred
to the movement of the linear stage towards the fixed stage (see
Fig. 6(a)), whereas a negative input displacement referred to
movement in the opposite direction. Fig. 7(a) shows that the
output displacement of the multi-infill density finger was about
9% larger, on average, than that of the fingers printed with single
infill densities. When the input displacement was 30 mm, the
output displacement of the multi-infill density finger was about
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(b)

(©)

Fig. 6. Experimental and simulated results for the finger deformation tests. (a)
Experimental setup for measuring the relationships between the input displace-
ment and the input force and between the input displacement and the output
displacement (at the fingertip) curve. (b) Input displacement = 10 mm. (c) Input
displacement = 20 mm.
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Fig. 7. Comparison of the results. (a) Input displacement versus output dis-
placement curves. (b) Input displacement versus input force curves.

1.16 times that of the other fingers. Fig. 7(a) also shows the
simulation results for the multi-material design, which are in
good agreement with the experimental results.

The curves representing the relationship between the input
displacement and the input force for these fingers are shown in
Fig. 7(b). It can be seen that the finger printed with a single
40% infill density required less input force, as its weight was
roughly 56% of the other fingers. However, it exhibited insuffi-
cient overall stiffness, making it prone to excessive deformation
and buckling when gripping objects. For the other fingers with
similar weights, the multi-infill density finger required less
input force compared to the two fingers printed with single
infill densities of 90% and 100%. The input force required for
the multi-infill density finger was 12.4% and 23.2% lower, on
average, than that of the fingers with the single infill densities of
90% and 100%, respectively. In addition, Fig. 7(b) also presents
the simulation result for the multi-material design, which is in
good agreement with the experimental data.

VI. GRIPPER PROTOTYPES AND EXPERIMENTAL RESULTS

Fig. 8 shows images of the two-fingered gripper with two
identical multi-phalange, multi-infill density, compliant fingers
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Fig. 8. Initial state, open mode, and closed mode of the soft robotic gripper
with two identical multi-phalange, multi-infill density, and compliant fingers.

TABLE IV
SUMMARY OF THE TESTING RESULTS OF THE TOTAL CONTACT LENGTH RATIO
FOR DIFFERENT GRIPPERS BASED ON FESTO’S DESIGN

. - Multi-infill 100% Festo
Object \ Gripper density infill (Fin Ray)
Circular object 1.17 1.06 1
Rectangular object 9.65 6.45 1
Trapezoidal object 28.85 27.80 1
Concave object 20.45 2.83 1
Average 15.03 9.54 1

in the initial state, the open mode, and the closed mode. As
depicted in the schematic drawing shown in Fig. 1, the input
ports of both fingers were mounted on a linear stage that was
driven by a stepper motor (Oriental Motor PKP235D23A). The
stepper motor was connected to a timing belt-pulley set and a
threaded rod. The fixed ports of both fingers were mounted on
the main structure of the gripper. The open and closed modes
corresponded to the conditions under which the linear stage was
driven towards the upper and lower fixed stages, respectively.

To investigate the adaptability of this soft robotic gripper, tests
were conducted in order to assess its performance at grasping
circular, rectangular, trapezoidal, and concave objects. The total
contact length between the fingers and the object being grasped
was used as a measure of the adaptability of the gripper. The
results are shown in Fig. 9, with the number below each photo
indicating the total contact length between the fingers and the
object, which was estimated using the image processing pro-
gram, ImagelJ, and by calculating the number of pixels based on
their coordinates. In addition, these results were compared with
the test results obtained from the fingers printed with an infill
density of 100% and the Festo MultiChoiceGripper fingers [37].

From the results of the adaptability tests, it can be seen that
the gripper developed in this study had a longer overall contact
length when grasping objects of every shape, so it was more
adaptable than the other two designs. Our novel multi-phalange
fingers, including both the single and multi-infill density designs,
were able to conform to all the shapes of the objects under
consideration, in contrast to the Festo fingers which adapted
well only to the shape of the circular object. Table IV provided
a summary of the testing results for the total contact length ratio
of various grippers, utilizing Festo’s design as the basis. From
Table IV, it can be found that the average total contact length of
the multi-infill density design was 15 times that of the Festo’s
design.

To estimate the maximum load capacities that the two-
fingered compliant grippers could achieve, payload tests shown
in Fig. 10 were conducted. These experiments involved gradu-
ally increasing the weight of the mass on the tray hung from a
hollow aluminum cylinder with a diameter of 76.1 mm, which
was gripped by the two-fingered grippers. The payload test
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132.5 mm
———

2 mm

(a) (©)

Fig. 9. Adaptability tests for grippers to grasp circular, rectangular, trape-
zoidal, and concave objects. The number below each photo indicates the total
contact length between the fingers and the object. (a) Multi-infill density fingers.
(b) Fingers printed with an infill density of 100%. (c) Commercially used Festo
MultiChoiceGripper.

(c)2.45kg

(a) 6.76 kg (b)5.35ke

Fig. 10. Payload tests. (a) Multi-infill density fingers. (b) Fingers printed with
an infill density of 100%. (c) Festo MultiChoiceGripper.
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Gear Balloon

Thin plate

Wide object

Fig. 11.  Testresults for grasping a variety of different objects using the highly
self-adaptive gripper with the multi-infill density fingers.

results showed that the grippers using the multi-infill density
fingers, the fingers printed with a single infill density of 100%,
and Festo’s Fin-Ray fingers had maximum load capacities of
6.76 kg, 5.35 kg, and 2.45 kg, respectively. The experimental
results showed that the gripper using the multi-infill density
fingers had the largest load capacity among the three grippers
and the maximum payload was 2.8 times that of the Festo’s
gripper.

The results demonstrated that the overall designs of our
grippers are comparatively adaptive and have a larger load
capacity. However, due to the differences in materials, friction
coefficients, actuation methods, and motor power between our
designs and Festo’s design, the comparisons may not be en-
tirely fair. To further demonstrate the capabilities of our highly
self-adaptive gripper, tests were conducted using the multi-infill
density fingers to grasp a variety of different objects, as shown
in Fig. 11. The objects used included three different 3D-printed,
irregularly shaped, asymmetrical objects, a 3D-printed concave
object, a curved mug, an apple, a raw egg, a mango, a gear, a
balloon, a thin plate, and a wide object. The wide object has a
width of 128 mm, which is approximately 88% of the maximum
fingertip distance, and it is the largest size that can be gripped.
The experimental results showed that the gripper proved to be
highly adaptable when handling these irregularly shaped objects.

VII. CONCLUSION

This article presented an innovative self-adaptive gripper with
two identical multi-phalange, multi-infill density, compliant fin-
gers that proved capable of conforming to irregularly shaped
objects. The experimental results demonstrated that this gripper
benefitted from a design based on the multi-material topology
optimization method and utilized the multi-phalange design con-
nected by flexure hinges. Additionally, the finger with multiple
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infill densities required less input force and produced greater
output displacement than the fingers with single infill densities
of similar weight.

The adaptability of the gripper was determined based on the
total contact length between the fingers and the object being
grasped. Adaptability tests were conducted with objects of four
different shapes, including circular, rectangular, trapezoidal, and
concave. The results showed that the adaptability of our novel
multi-phalange grippers exceeded that of the Festo MultiChoice-
Gripper. Our grippers were able to conform to all four shapes,
while the Fin Ray finger design (Festo gripper) could only
conform to the circular object. As the contact length increased,
the maximum load capacity also increased. Finally, the payload
test showed that our gripper has a maximum load capacity of
6.76 kg, offering a solution to the low payload capacity problem
found in many soft robotic grippers. The results of the grasping
tests demonstrated that our highly self-adaptive gripper can
handle circular, rectangular, trapezoidal, concave, asymmetric,
deformable, thin, delicate, and fragile objects. Overall, the re-
sults of this study suggest that our highly self-adaptive gripper
is a good option for applications dealing with unknown objects
that may be irregular in size and shape.
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